The picosecond evolution of the tertiary conformation of myoglobin (Mb) after photodissociation of MbCO was investigated at room temperature by probing band IH, a weak iron-porphyrin charge-transfer transition near 13, 110 cm-' (763 nm) that is sensitive to the out-of-plane displacement of the iron. Upon photolysis, the iron moves out of the plane of the porphyrin, causing a blue-shift of band HI and a concomitant change in the protein conformation. The dynamics for this functionally important motion are highly nonexponential, in agreement with recent molecular dynamics simulations [Kuczera, K., Lambry, J.-C., Martin hemoglobin, a tetrameric protein with subunits similar in structure to Mb, a change in the tertiary conformation induces a change in the quatemary conformation, affecting the ligand-binding affinity of hemes in adjacent subunits and leading to cooperative binding of ligands.) The change of tertiary conformation of the protein has been likened to a "proteinquake" (4); the heme is the epicenter for the quake, and the stress induced by ligand association or dissociation is relieved through emission of waves and deformation of structure. Because the relaxation is complex, involving correlated motion of many atoms along many coordinates, nonexponential dynamics for the relaxation would be expected. 
A full understanding of protein function requires detailed knowledge of the relation between structural and dynamical properties. Heme proteins, particularly myoglobin (Mb) , have served as model systems for the experimental and theoretical study of protein dynamics and their relation to structure and function. Mb is an oxygen-storage protein that contains a heme prosthetic group [iron(II)-containing porphyrin]. The heme is embedded within and covalently linked to the protein through the proximal histidine, the nitrogen of which binds to the fifth coordination site of the heme iron. Small ligands such as 02, CO, or NO bind reversibly to the sixth coordination site on the distal side of the heme. X-ray diffraction studies have shown that the structures offive-and six-coordinated hemes differ: the iron is displaced -0.5 A to the proximal side of the plane of the porphyrin in Mb (1, 2) but is located in the plane of the porphyrin in MbCO (3) . Dissociation of CO from MbCO generates Mb* (Mb in the MbCO conformation) and triggers an out-of-plane displacement of the iron. Motion of the iron is coupled to motion of the protein through the proximal histidine, changing the tertiary conformation of the protein. ( In hemoglobin, a tetrameric protein with subunits similar in structure to Mb, a change in the tertiary conformation induces a change in the quatemary conformation, affecting the ligand-binding affinity of hemes in adjacent subunits and leading to cooperative binding of ligands.) The change of tertiary conformation of the protein has been likened to a "proteinquake" (4) ; the heme is the epicenter for the quake, and the stress induced by ligand association or dissociation is relieved through emission of waves and deformation of structure. Because the relaxation is complex, involving correlated motion of many atoms along many coordinates, nonexponential dynamics for the relaxation would be expected. The spectrometer exhibits excellent long-term stability due to an active cavity-length stabilization apparatus that we developed for the mode-locked Nd:YLF laser. A 10-mM MbCO sample was prepared by dissolving lyophilized skeletal horse metmyoglobin (Sigma) in deoxygenated 0.1 M potassium phosphate buffer, pH 7, reducing with a 10-fold excess of sodium dithionite, and stirring under one atmosphere of CO (99.5%; Matheson) for several hours. The sample was filtered through a 0.22-,um membrane filter before loading in a gas-tight 1-mm-path-length sample cell. The sample cell was rotated during data collection so that each photolyzing laser pulse illuminated a fresh volume of the sample. The temperature of the rotating sample cell was 301 ± 1 K, which was elevated somewhat from ambient temperature due to heating by the motorized mount. The wavelength of the photolyzing pulse was tuned to 597 nm, the red edge of the Q-band absorption, to minimize the disparity between the absorption strengths of the Q-band and band III (emax of -90:1). The absorbance of the sample at the photolyzing wavelength was =1. The photolyzing pulse contained 3 pJ of energy and was focused to 120 ,um, yielding, on average, 0.15 photons per heme group. At this pump fluence, we estimated that <3% of the heme groups absorb more than one photon. with different, but identically prepared, samples. For comparison, a scaled spectrum ofequilibrium Mb is included. The spectra are offset vertically to avoid spectral overlap. The spectra are well described with a Gaussian function added to a cubic polynomial (solid lines in Fig. 1 ). The Gaussian function models band III, whereas the cubic polynomial characterizes the background absorption that arises from the tails of bands I, II, and IV, and the Q-band. A nonlinear least-squares fitting routine based upon the MarquardtLevenberg algorithm optimized the parameters of the model for each spectrum, including that of equilibrium Mb. Note that the background absorption is featureless over a range that is broad compared with band III, permitting precise recovery of the parameters characterizing band III.
RESULTS AND DISCUSSION
The The red-shift of the center frequency of band III relative to equilibrium Mb is plotted (e) in Fig. 2 . The scatter of the data span less than ±5 cm-', a precision that is possible due to the 10-cm-' spectral bandpass of the monochromator and the high signal-to-noise ratio of the data.
Photodissociation of MbCO deposits energy into the heme, raising its temperature. The center frequency of band III is temperature dependent (11, 12, 17) , so the shift of band III at early times must be interpreted carefully. The thermal contribution to the shift of band III was estimated by measuring time-resolved near-IR absorption spectra ofphotoexcited Mb (18) . The results are plotted (A) in Fig. 2 . Photoexcitation of Mb with a 597-nm photon deposits the full photon energy of 47.9 kcal/mol into the heme, causing the temperature of the heme to rise by =390 K (19) . This rise in temperature causes a red-shift of the center frequency of band III, a decrease in its integrated absorption, and a broadening of its width. Vibrational-energy redistribution between the heme and the surrounding protein cools the heme, causing band III to relax toward its equilibrium spectrum. The characteristic time constant measured for thermal relaxation is =-8 ps, which is (Fig. 3, *) . Errors arising from these approximations would be greatest at 1.78 ps but become negligible at times >17.8 ps.
The relaxation of Fig. 3 were not small compared with the energy deposited in the heme, the magnitude of the red-shift at early times would be even larger. This shift is within the range observed recently in low-temperature glasses at pH 7 [70 cm-' in ethylene glycol/water (9) and 140 cm-' in glycerol/water (9, 10) ].
Comparison with Molecular Dynamics Simulation. A recent molecular dynamics simulation (22) probed the time- dependent iron-heme displacement over a 100-ps period after ligand dissociation. A solvent shell was not included in the simulation. Kuczera et al. (22) reported that 80% of the iron-heme displacement occurred within 50 fs, corresponding to motion of the iron along a five-coordinate potentialenergy surface. The Fig. 3 , likely correlates with the last 20%o of the iron-heme displacement. The relationship between the position of band III and the iron-heme displacement would be nearly linear over such a small excursion, establishing a correlation between the iron-heme separation and the position of band III. The data of Fig. 3 , when scaled appropriately, are virtually superimposable over the curve defined by the molecular dynamics simulation (22) . However, the fluctuations ofthe simulation are significantly larger than the scatter of the data in Fig. 3, inhibiting (23, 24) . This fast volume-changing motion of the protein likely arises from the early-time conformational relaxation observed in this work.
A time-resolved circular dichroism (CD) study of photolyzed MbCO revealed a relaxation with a time constant of =300 ps (15) . The CD signal is very sensitive to the environment near the heme and, therefore, probes conformational changes that affect the relative position and orientation of neighboring amino acid residues. Because the evolution of the CD signal occurred over a range of times where there is little change in the center frequency of band III and, hence, the proximal environment, the decay ofthe CD signal may be correlated with global relaxation that affects the distal environment.
The early portion of the time-dependent shift of band III occurs on the same time scale as geminate recombination of NO with Mb. Because conformational changes near the heme affect the enthalpic barrier to ligand rebinding, nonexponential geminate rebinding dynamics would ensue, as is observed for the rebinding of NO (25, 26) .
The position of band III evolves nonexponentially out to 3.16 ns, the last data point of Fig. 3 . At that point in time, the residual stresses that drive the final stages of the conformational relaxation are likely to be distributed globally. Nanosecond time-resolved absorption measurements at the isosbestic point in the Soret band (near 430 nm) revealed a nonexponential relaxation of the protein conformation that extended out to times in excess ofmicroseconds (27) (28) (29) . This nonexponential relaxation may be a continuation of the relaxation observed in this work.
SUMMARY AND CONCLUSION
Here we reported the room-temperature picosecond dynamics ofthe functionally important iron-heme displacement and the concomitant motion of the protein. This 
